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Abstract
The solar domestic hot water system is currently widely applied as a building energy saving technique. Various forms of the system
exist, which should be properly applied in practical engineering. It is signiﬁcant to study the adaptability of the solar domestic
hot water system as it accounts for the building energy consumption in a non-negligible proportion, which is still scarcely studied
based on ﬁeld measurements in current research. This study ﬁgured out the performance of the centralized solar domestic hot
water system through ﬁeld measurements, as well as built a sub-hourly simulation model, which has been validated with the ﬁeld
measurement. The model was used to analyse the inﬂuence of several factors on the energy consumption of the system, such as the
water supply strategy, the use modes of occupants, the thermal insulation of pipes, and the forms of the system. The adaptability
of the system was concluded.
c© 2016 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the organizing committee of SBE16.
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1. Introduction
The centralized domestic hot water system is becoming popular in producing domestic hot water recently. The
system utilizes solar energy and is supplemented by fuel gas or electricity. It makes full use of the ﬁeld on the top
of a building with large collecting panels, and is thought to be energy-saving and eﬃcient. However, it is found that
the performance in energy saving is not so satisfactory as designed in practical engineering, or it even performs more
poorly than the split solar domestic hot water system, with a higher cost and lower thermal eﬃciency.
It is known from the literature that there are numerous researches on the solar domestic hot water system at present,
which focus on the following aspects: 1) The qualitative or simple quantitative evaluation of the economical eﬃciency.
For example, Zhao et al. 1 studied the performance of the solar domestic hot water system in residential buildings,
concluding that the system performs with a low cost. 2) Performance evaluation of the system based on investigation
and ﬁeld measurement. For example, Li et al. 2 conducted a large amount of survey and measurements in Dezhou,
Shandong, concluding that by using the solar system, the cost saved was 304 RMB per household, and the CO2
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Fig. 1. The centralized solar domestic hot water system with centralized solar collection, water storage and auxiliary heating
emission was reduced by 199.6 kg/m2. Gastli and Charabi3 investigated the distribution and composition of solar
water heaters in Oman, and analysed the case in Seeb District, demonstrating that the energy saving potential by
applying solar water heaters was 335 GWh, with a payback period of 7 to 9 years, better than the current electric
hot water system. The performance of the solar domestic hot water system is rarely studied based on detailed ﬁeld
measurement. We analysed the adaptability of the solar domestic hot water system from the ﬁeld measurements and
models based on the actual cases.
Considering the current research conditions, the technical approach of this research is: 1) To summarize the short-
comings in current studies and to decide the research points from literature; 2) To make research plans based on
measurement techniques; 3) To interview occupants and conduct measurement in practical cases; 4) To simulate the
performance under diﬀerent conditions with models and ﬁnd problems in practical engineering; 5) To evaluate the
adaptability of the system and provide suggestions for design and operation of the system.
2. Measurement
Beijing University of Civil Engineering and Architecture and Tsinghua University have conducted detailed in-
vestigations and measurements in several centralized domestic hot water systems in Beijing and Inner Mongolia in
2014.
A measured case in Chifeng is introduced. The area of this district is approximately 195000 m2, including 16
buildings with 6 to 18 stories. The district is composed of 46 units, each installed with a centralized domestic hot
water system independently. The system is centralized in solar collection, water storage and auxiliary heating, and
it circulates the whole day to provide hot water for end users at any time. The auxiliary heating source is electricity,
installed in the centralized water tank. When the water temperature in the tank is lower than the set point, which is
45 ◦C in this project, the auxiliary heating will be turned on. The structure of the centralized solar domestic hot water
system is illustrated in Fig. 1.
The temperatures of the supply and return water, and the water ﬂow rate were measured. Fig. 2 shows the sub-
hourly water temperature and outdoor temperature during the measured period. The pump is operated in 24 hours,
and the auxiliary heating is never turned on. The outdoor temperature ranged between 15 and 35 ◦C, with an average
of over 20 ◦C. According to the measured water temperature and water ﬂow, the heat dissipated through the pipe and
the water tank can be calculated. The heat used by residents can be calculated by the hot water temperature, the tap
water temperature and the hot water usage. Table 1 shows the measured results of the heating energy. The heating
energy is divided according to the measurement, as is shown in Fig. 3. The heat used by residents accounts for 67%,
while the heat loss 33%, within which the pipe accounts for 28%, and the water tank 5%. Approximately 1/3 of the
total invested heating is dissipated through diﬀerent ways.
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Fig. 2. Measured supply, return water and outdoor temperatures during the measured period
Table 1. Measured results of the heating energy
Eﬀective heating (kWh) Heating loss by pipes (kWh) Heating loss by the tank (kWh)
686 288 45
Fig. 3. Division of heating in the measured system, divided into the heat loss by pipes and the tank, and the eﬀective heating used by occupants
3. Model
The annual performance of the solar domestic hot water system is complicated. As the measurement was conducted
during a relatively short period, it is necessary to build a model based on the measurement to conduct further analysis.
The centralized domestic hot water system could be divided into 3 parts: the solar collector, the water tank, and the
end users. The model is built with these 3 parts, which are integrated to simulate the sub-hourly energy performance
of the system. These 3 parts of the model are introduced in detail below.
3.1. Model of the solar collector
This part of the model is used to simulate the absorption of solar energy by the collector. When calculating the
thermal transfer in the solar collector, the cases, namely when the collector is on, and oﬀ, are modelled respectively.
When the collector is oﬀ, the eﬀective heating is the diﬀerence between the absorbed heating and the dissipated
heating by the collector itself. The temperature in the water tank is considered to be a lumped parameter, the thermal
balance equation is as below4:
cpρV
(
t (τcurr) − t
(
τprev
))
+ Qloss = Qsolar (1)
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Fig. 4. The water usage schedule in these 3 patterns, respectively at 7:00 a.m., at 3:00 p.m., and at 9:00 p.m.
Where V is the volume of the stored water, t (τcurr) is the water temperature at current time step, t
(
τprev
)
is the water
temperature at previous time step, Qloss is the dissipated heating, and Qsolar is the absorbed heating by the collector.
When the collector is on, the hot water would ﬂow to the water tank from the collector, where the mass and thermal
transfers between the collector and the tank. The thermal balance equation is shown as below:
cpρVΔt1 + cpρGΔτΔt2 + Qloss = Qsolar (2)
Where Δt1 is the temperature diﬀerence of the water in the collector within two adjacent time steps, Δt2 is the
temperature diﬀerence between the water at the outlet and inlet, Δτ is the time step.
3.2. Model of the water tank
This part is used to simulate the change of water temperature in the water tank. When the collector pump is oﬀ,
the tank is disconnected from the collector, and only the connection with end users is to be taken into account. The
thermal balance equation is as below:
cpρVΔtw + Qloss + Qsu water = 0 (3)
Where V is the volume of the water in the tank, Δtw is the temperature change, Qloss is the heat loss by the tank,
Qpipe is the heat loss by the pipes, Qsu water is the eﬀective heat oﬀered to end users.
When the collector pump is on, both the connection with the collector and end users are to be considered. The
thermal equation is:
cpρVΔtw + Qloss + Qpipe + Qsu water = Qsolar collector (4)
Where the newly introduced item, Qsolar collector is the supplied heat from the collector.
The water in the tank would be supplemented by water at low temperature when it decreases to a certain level. The
water supply strategy is automatic as well as at deﬁnite time. The former means that when the water level drops to a
preset value, water would be supplied and the level would be lifted to another preset value. The latter means that the
water is fully supplied at a ﬁxed time each day.
3.3. Model of end users
Occupants use domestic hot water in diﬀerent time, with diﬀerent amount of water used. The diﬀerence in water
use modes would result in a discrepancy in energy consumption of the system. Based on our survey, the water use
modes are simpliﬁed to 3 typical time: 1) at 7:00 a.m., 2) at 3:00 p.m., and 3) at 9:00 p.m.
The water usage is 120 L per household, with a time length of 1 hour. Fig. 4 shows the water usage schedule in
these 3 patterns.
4. Model validation
The yearly performance of the measured centralized domestic hot water system in Chifeng is simulated using the
model. 30 households reside in the building, with 3 occupants in each household. The average amount of water usage
is 40 L per person per day according to the survey.
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Fig. 5. The comparison of eﬀective heating, dissipated heating by pipes and the tank between simulation and measurement
The water supply strategy in this case is a combination of “automatic” and “at deﬁnite time”. When the water is
left 1/3 compared to the total volume, it will be supplied to 2/3 of the total volume. Besides, water will be supplied to
the total volume at 24:00 each day. The outdoor temperature and solar radiation are input from DeST5. The measured
period is August 27 to September 1, 2014. The simulated and actual performances during this period are compared to
validate the model.
The comparison of eﬀective heating, dissipated heating by pipes and the tank between simulation and measurement
is shown in Fig. 5. It could be seen that the simulated energy tends to be greater than the measurement, while the
discrepancy is relatively small compared to the total amount. Judging from the eﬀective heating, the simulated result
is 752 kWh, and the measurement shows 687 kWh, which could be regarded quite accurate. It is feasible to use the
model to analyse the performance of the system by this validation.
5. Analysis
The model is used to analyse the inﬂuence of diﬀerent factors on the energy performance and adaptability of the
centralized domestic hot water system.
5.1. Use mode
It is found from the literature that the use amount among diﬀerent countries ranges a lot. For example, the daily
water usage in the USA is typically 280 L per household6, and in Spain it is 200 L7, while in Japan the amount is
100–150 L per capita. The statistics show that in 2011, there are 2.36 occupants in each household, resulting in a
total water usage amount of 236–354 L per household. The diﬀerence in water use amount reﬂects the diversity of
water use habits in diﬀerent countries. In these developed countries where the water use habits lead to high intensity
in water consumption, the centralized domestic hot water system performs well.
Based on the investigated data, the energy shift in the solar domestic hot water system is simulated with the water
use amount ranges from 60 L to 300 L per household per day. The results are shown in Fig. 6
It could be ﬁgured out that the consumed energy increases with the water use amount increases under the same
condition of use time. The auxiliary heating consumption is converted to unit entity of hot water, as compared in
Fig. 7.
With the use amount increases, the auxiliary heating consumption with unit entity of hot water tends to decrease.
Therefore, countries with larger water use amount has lower auxiliary heating consumption with unit entity of hot
water, but the overall energy consumption is much higher, failing to save energy in a proper way.
5.2. System form
There are several forms of centralized domestic hot water system besides the one we have investigated. We sim-
ulated the system where the water tank is not kept at a high temperature, and the water is acyclic, which has the
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Fig. 6. The inﬂuence of water use amount on the energy consumption of the centralized solar domestic hot water system
Fig. 7. The comparison of auxiliary heating consumption with unit entity of hot water in diﬀerent use modes
Fig. 8. The composition of another form of centralized domestic hot water system where there is no cyclic pump and pipes
advantage of lower heat loss by the tank and pipes. The supply water could be heated to satisfy the temperature need
at the user’s terminal, where the auxiliary heaters are installed. The main diﬀerence compared to the system we have
already discussed is that there is no cyclic pump and pipes at users’ end. The system is illustrated in Fig. 8.
The energy consumption of this system is also simulated, and compared with the former results, as is shown in
Fig. 9.
It could be concluded that the energy saving by adopting the acyclic system is signiﬁcant compared to the cyclic
system. In the cyclic system, the water temperature in the tank is expected to maintain at a high level, resulting in
larger heat loss according to heat transfer.
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Fig. 9. The composition of the energy consumption with the two forms of centralized domestic hot water system
6. Conclusion
Current performance of the centralized domestic hot water system is quantitatively evaluated after a detailed mea-
surement conducted in 2014. In the measured case, approximately 1/3 of the total heating is dissipated through
diﬀerent ways.
A model to describe the operation of the centralized domestic hot water system is built based on our measurement,
which has been validated by comparing the simulated results with the measured ones in the measured period.
The model is used to analyse the inﬂuence of water use modes and system forms on the energy consumption. It is
found that the large water use amount leads to a lower auxiliary heating consumption with unit entity of hot water, but
the overall energy consumption is much higher, failing to save energy in a proper way. The acyclic system is much
more energy saving than the cyclic one, as it reduces the heat dissipation through pipes and the tank.
The centralized domestic hot water system is expected to be designed properly according to the water use modes
of occupants.
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